Rationale: Mechanical stress is known to alter the electrophysiological properties of the myocardium and may trigger fatal arrhythmias when an abnormal load is applied to the heart. Objective: We tested the hypothesis that the structural heterogeneity of the ventricular wall modulates globally applied stretches to create heterogeneous strain distributions that lead to the initiation of arrhythmias. Methods and Results: We applied global stretches to arterially perfused rabbit right ventricular tissue preparations.
A lterations to the mechanical state of the myocardium affect its electrophysiological properties, a phenomenon termed mechanoelectric feedback (MEF). 1, 2 MEF is considered to play a significant role in the genesis of cardiac rhythm disturbances in various disease states, such as myocardial infarction and heart failure, in which myocardial tissues are subjected to abnormal loading conditions. [3] [4] [5] This speculation is supported by previous observations that in myocardial infarction, ventricular ectopic excitations are initiated by acute stretches of the border zone between the infarct and the normal myocardium. 6 -8 A more definite causality is suspected in the etiology of commotio cordis, where sudden death occurs owing to a nonpenetrating chest wall impact in the absence of injury to the ribs, sternum, and heart. 9, 10 Using anesthetized juvenile swine, Link et al 10 found that ventricular fibrillation can be produced by a baseball strike, and examined the effects of the phase, strength and speed of the strike for the induction of arrhythmias.
To elucidate the mechanisms underlying MEF and related arrhythmias, extensive studies have been carried out using various preparations from various species, including rabbits, lambs and dogs. [11] [12] [13] Stretch-activated channels (SACs) have been regarded as the most likely candidates for the primary transducers of mechanical stress. 14 -16 Although such findings at the molecular level can account for changes in the action potential duration, amplitude, effective refractory period and resting potential induced by mechanical interventions at the cellular level, we still face a huge gap between these laboratory findings and clinical arrhythmias observed at the organ level. In this context, Franz et al 17 investigated the effects of increases in ventricular volume and pressure on epicardial monophasic action potentials in both isolated cross-circulated hearts and in situ canine hearts to clearly demonstrate the manifestation of MEF. However, these volume and/or pressure alterations do not allow detailed evaluation of the changes in myocardial stress or strain, which are believed to be the keys for establishing a link between the macroscopic and microscopic phenomena.
To elucidate how the cellular responses to stretches lead to arrhythmias in the heart, we focused on the morphology of tissue preparations and its role in the modulation of the electric responses. We developed an experimental set-up in which controlled uniaxial stretches were applied to crystalline perfused rabbit ventricular walls while monitoring the local strain. The use of optical transmembrane potential mapping combined with a tissue tracking technique enabled us to examine the relationship between local strain and excitation of the myocardium. By applying acute stretches of varying amplitudes, we demonstrate that global stretches applied to the ventricular wall tissue can create strain dispersion in the heterogeneous structure of the ventricular wall and that mechanical insults of intermediate, rather than intense, strength induce focal excitation, thus potentially triggering fatal arrhythmias. Finally, using whole heart preparations, we confirm that only medium stretches of the myocardium can evoke spiral wave formation.
Methods
Japanese white rabbits weighing 2.4 to 2.9 kg were used. The distribution of strain and the transmembrane potential were simultaneously recorded while applying an acute stretch to right ventricle (RV) tissue preparations. The 3D structure of the preparations was also examined. Similar measurements were conducted in whole heart preparations while applying acute volume pulses to the RV.
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Results

Effect of the Stretch Amplitude on Excitation of the Tissue
To elucidate the relationship between the electric response and the stretch level, we measured the optical transmembrane potential signals of stretched tissues. Figure 1 shows representative transmembrane potential signals in response to stretches of varying amplitudes. When a uniaxial stretch with a small amplitude (5%) was applied, the myocardial tissue was depolarized but an action potential did not develop ( Figure 1A , left). The distribution of these depolarizations was heterogeneous and the amplitudes of these depolarizations had a positive dependence on the local strains (nϭ5) ( Figure 1B and 1C). However, above a certain level of amplitude (Ն10%), we observed focal excitation (development of an action potential in less than 4 segments of 9 blocks) ( Figure 1A , middle; Figure 1D ). A larger stretch (30%) only induced multiple occurrences of excitation in the tissue ( Figure 1E ). Figure 2A shows the relationship between the probability of tissue excitation (development of an action potential in at least one locus within the tissue) and the amplitude of the stretch applied (global strain). We found a fairly abrupt transition in the tissue responses to a uniaxial stretch (nϭ7). Specifically, excitation was rare when the amplitude was small (5%), but its rate increased with stretches in the medium range (10% and 15%) to reach 100% (sure observation) in response to large stretches (20%, 25% and 30%).
The use of a trapezoidal command with constant rates of rise and fall necessarily made the entire duration of the stretch longer for larger stretches, which may thus have led to modulation of the responses of the myocardium through different mechanisms. To exclude these possibilities, we applied stretches of varying amplitudes while keeping the entire duration constant at 50 ms. We found similar responses, thereby indicating that the amplitude rather than the duration is the major determinant of stretch-induced activation of the myocardium (Online Figure V , A). We also confirmed that stretches applied during the action potentials could modulate their shapes, and sometimes found stretchactivated depolarizations followed by premature ventricular contractions (Online Figure V, B ).
Relationship Between Stretch-Induced Excitation and Epicardial Local Strain
We also evaluated the relevance between stretch-activated excitation and epicardial local strain (nϭ7). To compare the A, Ratiometric optical signals (⌬F 540 /F 680 ) in response to 5%, 10%, and 30% stretches from left to right. Scale bar: 100 ms. B, Spatiotemporal pattern of the depolarizations (typical optical signals in each segment) in response to a 5% stretch. C, Relationship between the changes in the normalized optical signals and the local strain under the excitation threshold (nϭ5). The smooth curve through the data points was fitted with a nonlinear regression model. D and E, Representative action potentials and optical maps in response to 10% and 30% stretches, respectively. The stretch starts at 0 ms. Scale bar: 4 mm. 
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strain distribution with the isochronal electric responses, the whole tissue area was divided into 9 blocks and the average strain value in each block was shown in grayscale. The local strain maps at each level of stretch with the corresponding isochronal maps are shown in Figure 2B (right). Initial excitation tended to take place at the locus of high strain (top: right lower block with 14% strain; bottom: left lower block with 14% strain; right upper 2 blocks with 23% and 24% strains). The excitation probability was clearly found to be more prominent for higher strains ( Figure 2C ), when the probability of local excitation was plotted as a function of the corresponding local strain (nϭ7).
Involvement of SACs in Stretch-Induced Excitations
To examine the involvement of SACs in the genesis of stretch-induced excitation, we repeated the experiments with a 15% stretch in the presence of 10 mol/L Gd 3ϩ , a blocker of nonspecific SACs. Gd 3ϩ inhibited the stretch-induced excitation by 71.4Ϯ18.4% compared with the control condition and its effect was reversed by washout of Gd 3ϩ ( Figure  3A ; nϭ7; PϽ0.01, Gd(ϩ) versus control condition and washout). We also administered ryanodine to examine whether stretch-induced Ca 2ϩ release from the sarcoplasmic reticulum and the triggered activity are involved in the activation process. When we applied 15% stretches, action potentials developed similarly in both ryanodine-treated and untreated (control condition) tissues ( Figure 3B ; nϭ3).
Strain Distribution and Tissue Structure
Because we applied uniaxial stretches to the ventricular tissue, the strain distribution on the epicardial surface was most probably created by heterogeneity within the tissue structure. To clarify the relationships between the strain distribution and the tissue structure, we measured the thickness distribution in each preparation using a laser displacement meter ( Figure 4A ; nϭ7). We divided the tissue into 9 blocks and calculated the average thickness in each block to facilitate comparisons with the strain data. Figure 4B shows a comparison between the thickness and local strain distributions after a 10% stretch from a single experiment. We found that the strain was high in regions where the tissue thickness was thin. For further comparisons between the tissue structure and the strain, we calculated the normalized thickness value of each block (mean thickness value of each block relative to the mean thickness value of all the blocks). Figure 4C summarizes the relationships between the local strain and the local thickness under different levels of stretch. Local strain was negatively correlated with the local thickness, which supported our hypothesis (10% stretch: nϭ7, rϭϪ0.52, PϽ0.0001; 20% stretch: nϭ7, rϭϪ0.53, PϽ0.0001).
Heterogeneous Excitation in Accordance With the Tissue Thickness and Stretch Level
We then plotted the relationship between the local wall thickness and the probability of stretch-induced local excitation for various levels of stretches ( Figure 5A ; nϭ7; closed circles, 5% stretch; closed triangles, 15% stretch; open circles, 30% stretch). When the applied stretch was small (5%), there was hardly any excitation (low probabilities over the entire range of thickness) because the local strain was below the threshold. As the amplitude of the stretch increased, the probability of excitation started to rise from the thin area (15%) and all areas were finally excited in response to a large stretch (30%). We calculated the variability (standard deviation) of the excitation probability over the entire thickness range for each stretch amplitude, and these data are plotted in Figure 5B (nϭ7). In regions of small (5%) or large (30%) stretches, the variability was low (0.18 or 0.26) because the whole tissue was either unresponsive or responsive to the stretch, respectively, whereas heterogeneous excitation was achieved in response to a stretch of intermediate amplitude (0.50 on 15% stretch).
Stretch-Induced Focal Excitations Develop Into Reentrant Arrhythmias in the Ventricle
To examine whether the findings at the tissue level are applicable to more physiological situations, we applied volume pulses to the RV in whole heart preparations and recorded the transmembrane potential responses. Figure 6A and 6B shows representative optical signals in response to 2 different amplitudes of volume pulses. When we applied a small volume pulse (0.5 mL), virtually no response was observed. However, local excitation (excitation from less than one-third of all the blocks) was induced by a 1.0-mL volume pulse ( Figure 6A ), and a large volume pulse (2.0 mL) elicited excitation from a larger area simultaneously (global excitation) ( Figure 6B ). The corresponding thickness distribution in the optically mapped region revealed that the focal excitation originated from a thin region ( Figure 6C ). As summarized in Figure 6D (nϭ6), focal excita-tion was only induced with pulses of intermediate volumes (1.0 and 1.5 mL). Structural measurements revealed that such focal excitations tended to take place in regions where the wall thickness was thinner ( Figure 6E ; nϭ6, PϽ0.05), similar to the case for the tissue preparations. All of these findings were in accordance with the tissue experiments, thus confirming that only global stretches of medium intensity can induce focal excitation in the ventricular wall. Focal excitation is a prerequisite for the initiation of reentrant arrhythmias, but may not fulfill the conditions. Therefore, we hypothesized that when the propagation of the focal excitations induced by medium mechanical stimuli interacts with the preceding electric activations, it can develop to fatal reentrant arrhythmias. To assess this hypothesis, we applied the volume pulses to the RV for 50 ms at various coupling intervals (90 to 130 ms) with a preceding electric stimulus. Similar to the electric "pinwheel experiment" protocol, 18 this protocol involves the simultaneous establishment of a spatial gradient of momentary stretch-induced excitability together with a spatial gradient of refractoriness induced by the prior passage of an activation. As shown in Figure 7A , a 1.5-mL volume pulse after a 110-ms coupling interval initiated vortex-like reentrant waves pivoting around phase singularities. As clearly shown in Figure 7B 
Discussion
In the present study, we simultaneously measured the transmembrane potentials and local strains while applying uniaxial stretches of varying amplitudes to rabbit RV wall tissue to clarify the linkage of electric activity between cells and organs. The use of optical transmembrane potential mapping coupled with local strain measurements based on bead markers enabled us to record the strain-electric response relationship of myocardial tissue. In addition, structural measurements of the preparations suggested that the complex architecture of the ventricular wall could cause heterogeneous strain responses to mechanical stimuli, thereby leading to the initiation of focal excitation. We confirmed this hypothesis under more physiological conditions by successfully inducing reentrant arrhythmias using a volume pulse of medium amplitude.
Optical Mapping of the Transmembrane Potential
Owing to its high temporal and spatial resolutions, optical recording of transmembrane potentials has been widely used, but most studies have only dealt with immobile preparations where the motion was inhibited mechanically and/or pharmacologically. 19 -21 These stabilizations of the preparations were conducted to prevent motion artifacts caused by changes in the fluorescence intensity along the light path, and also changes in the x-y position. In the present study, we tried to account for the motion-induced contamination of optical signals by using 2 methods to accurately evaluate the transmembrane potentials of the local myocardium while applying a stretch to the whole tissue. First, the fluctuation of light intensity was cancelled by ratiometry of the 2 emission bands of the fluorescent indicators. Second, by using the affine transformation based on motion tracking, we successfully traced the tissue points, presumably a cluster of specific myocytes, during a stretch and induced contraction, and showed the sequential changes in the transmembrane potential in the reference position. As shown in Figure 1A , the local action potential triggered by the stretch reconstructed with these techniques is similar to that recorded by an electrode with its clear zero phase characteristics. Compared with a previous study of the local response of electric activity to a linear acute stretch using a pair of electrodes in isolated frog ventricular tissue at only 2 points, 22 detailed maps of the action potentials were obtained with the present technique.
Heterogeneity in the Tissue Structure for Bridging Cellular Responses to Arrhythmias
Although the activity of ion channels was not directly measured, the present results were consistent with previous studies demonstrating the involvement of SACs in MEF. Zeng et al 23 recorded the stretch-dependent inward current, which was blocked by Gd 3ϩ in rat cardiac myocytes. They also observed that a 10% stretch induced an immediate contraction of the myocytes. Although the threshold for excitation varies among studies, similar observations were made for rat (Ͼ20%), 24 guinea pig (20% to 25%), 25 and frog (15%) 26 myocytes. In our probability curves of stretch-induced excitation for both whole tissues and segments (Figure 2A and  2C) , the transition from nonresponse to excitation took place within a similar range of stretch amplitudes. Furthermore, the response was inhibited by Gd 3ϩ and recovered by washout of the agent. Taken together, these results suggest that a uniaxial stretch applied to the tissue induces strain in the myocytes, which in turn triggers the activation of molecular mechanotransducers, most probably SACs.
The use of a tissue preparation provided us with a unique opportunity to elucidate the relationships among electric excitation, global strain and local strain on the epicardial surface. Although a uniaxial global stretch was applied to the preparation, excitation was usually only induced in a limited area where the local strain was high. We speculate that such heterogeneity in the strain distribution reflects the complex structure of the ventricular wall, such that the excitation is initiated in regions where the wall is thin. Whereas the complex structure of the ventricles normally allows vigorous contraction, different hemodynamic overloads in diseased states lead to abnormalities in the ventricular shape and regional wall motion, 27, 28 which may sometimes evoke focal excitations.
We must consider the possibility that the presence of damaged ends may have caused an abnormal strain near the tissue supports to initiate the excitation from the edge region. However, the locus of focal excitation always followed the thickness distribution, such that the excitation was elicited in the center of a preparation that had a thin central region (Online Figure VI, A) . Furthermore, ter Keurs et al 29 reported that stretch-induced excitations from the damaged myocardium occur through a calcium-related triggering mechanism, and that Gd 3ϩ does not suppress these phenomena.
We also considered the relevance of a Ca 2ϩ -related mechanism to our experiments. Fujiwara et al 30 showed that triggered activities were subsequently evoked by a Ca 2ϩ release from the sarcoplasmic reticulum through ryanodine receptors. Furthermore, some previous studies reported that an acute stretch can also trigger a Ca 2ϩ release from the sarcoplasmic reticulum through ryanodine receptors. 31, 32 In our experiments, however, the stretch-induced excitations were still observed after administration of ryanodine. Moreover, changes in the extracellular calcium concentration did not affect the stretch-induced excitability. These observations indicate that the stretch-induced excitations in our experiments were not linked to calcium-related membrane activations like the triggered activities. Wakayama et al 33 also reported that excitation caused by MEFs can be the consequence of a quick stretch release, which is related to stretchdependent binding and release of Ca 2ϩ to contractile proteins. In our experiments, however, the excitations were initiated during the rise or plateau of the stretches, and not during the release of the stretches (Figure 1A, right) . This discrepancy may be caused by the fact that the excitation as a consequence of a quick release in the previous report was only observed at a high Ca 2ϩ concentration (5.2Ϯ0.73 mmol/L), whereas our experiments were carried out with a lower Ca 2ϩ concentration (1.8 mmol/L). These observations indicate that the stretch-induced excitations observed in our study are not related to the release of Ca 2ϩ to contractile proteins following the stretch release.
Translation of data obtained with tissue preparations to the intact heart requires consideration in terms of both the magnitude and the nature of the deformation. A volume pulse of 2.0 mL induced global excitation, the effect caused by a 20% stretch of the tissue. However, if we simply assume a spherical ventricle, a 20% increase in its circumference would lead to an almost 70% increase in its volume, which cannot be accounted for by the 2.0-mL volume pulse in the rabbit RV. We can speculate that the thinner RV free wall was preferentially stretched whereas the thick ventricular septum remained unchanged. In addition to the stretch applied to the tissue preparations, volume expansion of the ventricle also causes shear and compression of the wall. In fact, Isenberg et al 34 revealed that stretch and compression activated different ion currents in guinea pig ventricular myocytes. Furthermore, Gopalan et al 35 reported that transverse stretches have more pronounced effects on mechanotransduction signaling pathways. This may be associated with the stretch sensitivity regarding the spatial distributions of SACs and cytoskeletal structures. Although currents and cytoskeletal structures were not examined in the present study, such aspects should be addressed in future studies.
Modulation of Transmembrane Potentials and Conduction Velocity by the Stretches
Although we focused on the magnitude of the stretch in the present study, care was taken to eliminate confounding factors. Fasciano and Tung 22 revealed that the stretch speed significantly affects the stretch-induced excitability. In this context, we made the speed of the stretch constant in all the experiments (Online Figure IV) . We checked the influence of the stretch duration in another set of experiments in which the stretch duration was made constant at 50 ms. We confirmed that these 2 types of protocols did not cause any significant differences in the excitability induced by the stretch.
We also examined the effect of the stretch timing relative to the action potentials. Similar to previous reports, 17, 36 stretches applied in each phase (2, 3 and 4) of the action potentials modulated the transmembrane potentials differently (Online Figure V, B) .
We calculated the conduction velocity of the focal excitations elicited by 10% stretches and compared it with that elicited by an electric stimulus (Online Figure VI, B) . In these experiments, the spread of conduction between 2 recording positions (crosses) was completed during the stretch plateau. Although the number of observations was limited owing to the technical difficulty, we confirmed that the conduction velocities of the stretch-induced excitations in both the horizontal and vertical directions tended to be slower (31.7% and 38.7% decrease in vertical and horizontal direction, respectively). In addition, we also examined the relationship between the normalized dV/dt max (evaluated by the time derivative of the ratiometric optical signal, dF/dt max ) of action potential upstrokes and local strains. Normalized dV/dt max of the action potential upstroke was decreased in regions where local strain was high (Online Figure VII) . Although the effects of stretches on the conduction velocity are still controversial, 37 conduction slowing has been reported in previous studies. 21, 38 Eijsbouts et al 38 reported that the anisotropic nature in the heterogeneous wall thickening may play an important role in conduction disturbances attributable to dilation. Geometric and structural changes during an acute stretch should be some of the causes of this effect, and SACs and the intracellular calcium dynamics may also be involved in this phenomenon. In either case, such changes in the propagation characteristics could also contribute to the development of reentrant arrhythmias.
Clinical Implications
When a mechanical stimulus of moderate amplitude was applied to the ventricular wall, local excitation was induced in regions where the wall thickness was thin and, if other facilitatory conditions were met, it was propagated to the adjacent area to develop into fatal arrhythmias. We expect that further increases in the intensity of the stimulus would induce multiple excitations to exaggerate the electric heterogeneity, thereby increasing the possibility of arrhythmias. However, if a very intense stimulus is applied, the whole tissue can be synchronously excited, which considerably decreases the possibility of arrhythmias ( Figure 5B ). Interestingly, we can see a similar tendency in the relationship between the ventricular fibrillation probability and the rise in ventricular pressure produced by a baseball impact in an experimental study on commotio cordis by Link et al, 10 who did not provide any mechanistic comments.
In this study, a volume pulse of 1.5 mL at a 110-ms coupling interval after the last electric stimulus initiated a reentrant arrhythmia. No reentrant arrhythmia, however, was induced by 1.0-mL volume pulses that triggered focal excitations when applied at 500-ms coupling intervals. These findings probably arise from a dependence of the strength of the mechanical stimuli required to generate focal activity on the phase of the action potential at which it is applied. In contrast to the protocol (a), in which the pulses were applied to the fully relaxed ventricle after a long coupling interval (500 ms), we confirmed that the myocardium in activated states has higher thresholds for activation (Online Figure  VIII) . Based on these observations, a 1.0-mL volume pulse cannot initiate the excitation with coupling intervals from 90 to 130 ms, whereas a 1.5-mL volume pulse can initiate focal excitations with coupling intervals of Ͼ100 ms. Although the focal excitations were frequently initiated with coupling intervals of Ͼ120 ms, the excitations did not develop into reentrant arrhythmias because a unidirectional conduction block cannot be formed at these timings. Owing to the trapezoidal volume change and viscoelastic nature of the tissue, the effect of the volume pulse was realized with some delay. In fact, although we applied a volume pulse after a 110-ms coupling interval, excitation was initiated at around 130 ms corresponding to the late phase 2 of the action potential. We speculate that these findings correspond to the observation that ventricular fibrillations were triggered when the chest wall impacts were applied during the vulnerable portion of the T wave. 9 Our present results suggest that the complex structure of the ventricular wall functions to modulate a mechanical impact and create a heterogeneous excitation distribution in response to a stimulus of intermediate intensity, rather than an intense stimulus, to initiate ventricular fibrillation in otherwise healthy young subjects.
The structural complexity of the ventricular wall may also contribute to the genesis of arrhythmias in old myocardial infarctions. Regarding myocardial infarction, it is considered that the conduction abnormality in the infarct area acts as the substrate for arrhythmias, 39 but its trigger still remains unclear. Bogen et al 40 reported that a large mechanical load is added to the border zone in regions where the wall thickness is thin in systole. Moreover, Josephson 41 revealed that arrhythmias are often initiated from these borders. Calkins et al 8 observed that ventricular dilation shortens the refractoriness of the surviving myocardium in the infarct area rather than the healthy myocardium. Taken together, the following scenario is conceivable. In an old myocardial infarction, a systolic rise in ventricular pressure can induce a large stretch in the functional border zone, where the wall thickness is thin to provoke an ectopic excitation, which may develop into fatal reentrant arrhythmias promoted by the conduction abnormality in the infarct area.
In either case, the structural and/or functional heterogeneity of the myocardial tissue serves to create a heterogeneous strain distribution, and establishes a MEF-mediated electrophysiological dispersion in the tissue, which is known to be a potent substrate for arrhythmias.
